he large-square bale (LSBe) is currently the dominant package used to harvest and store commercial hay and biomass feedstocks. Greater bale density reduces costs associated with bale aggregation, handling, storage, and transport (Kenney et al., 2014) . To produce higher-density bales, manufacturers have modified balers to have greater bale chamber convergence, longer bale chambers and more robust drivelines. Manufacturers typically recommend twine with greater knot strength be used when making high-density bales. Previous research has shown that resilient forces exerted by bales of lint cotton were linearly related to moisture content and bale density (Anthony and McCaskill, 1978) .
Large-square bales typically resist the resilient forces of the compacted material using a series of polyethylene twine loops which are parallel to the bale's longitudinal axis. Each individual strand of twine is supplied from two sources on the baler -one strand each laid on the top and bottom of the bale as it moves rearward through the chamber. The top and bottom strands are initially tied together so that twine is laid across the leading vertical face of the bale as it moves rearward. When the bale has reached the required length, the twine needles bring the bottom twine upward, placing the twine across the trailing face of the bale. The needles then capture the top twine and the two twines are directed toward the knotter. The knotter ties the top and bottom twines together, completing the loop around the bale. After the first knot completes the loop, a second knot is immediately tied to reconnect the top and bottom twine to start the loop of the next bale. This "double-knotter" system was first patented by White (1978) and is now virtually universal on largesquare balers (LSBrs). The completed twine loop is slack right after the loop is closed and gradually becomes taut as the bale moves rearward and begins to expand.
Twine failure is an important issue for hay producers and biomass enterprises. Even when the bale has six to eight parallel strands of twine, the failure of a single twine can cause adjacent twines to fail and lead to bale disintegration. When bale integrity is lost in the field, costs can increase considerably. The operator must first remove the broken strands, and then spread the bale flakes by hand to make a manageable windrow. Then the windrow must be rebaled, typically at a very slow rate to prevent plugging the baler pick-up. Finally, the rebaled material typically does not form as well defined a bale as previously unbaled material, so these bales must be handled gently during subsequent aggregation. Twine failure results from knotter mechanical issues or excessive twine tension.
Although tensile failure of the twine strand can occur anywhere, it is well documented that failure of rope, yarn or twine typically occurs inside or near the knot (Ashley, 1944; Saitta et al., 1999; Pieranski et al., 2001) . The exact location of knot failure is not precise and is affected by many parameters such as the type of knot or the parent material. Some research suggests the knot will fail first at the entrance to the knot where the filament curvature is the greatest (Saitta et al., 1999; Pieranski et al., 2001 ) while other research suggests failure occurs within the knot (Uehara et al., 2007) . Identification of failure location is complicated because the knot becomes smaller while stretching, so any given position within the knot moves continuously. Progressive knot squeezing also leads to deformation of the strand diameter, which influences the breaking mechanism of the knot (Uehara et al., 2007) .
Because twine is most likely to fail at the knot, knowledge of baler twine knot strength is more useful than the strand tensile strength. The ASABE Standard for Agricultural Baling Twine for Automatic Balers (S315.4, 2017) provides the appropriate range of LSBe knot strength from 1070 to 2670 N. Manufacturers of LSBrs are now producing highdensity balers (AGCO, 2017) so twine manufacturers now offer twine with knot strength greater than 2900 N to support these high-density balers.
Knowledge of the actual twine tension would be useful to solve twine failure issues. However, there is a lack of published work reporting tension in twine as the bale is produced. Therefore, our objective was to (a) develop a methodology to measure twine tension during baling, and (b) measure twine tension across several crop materials and bale densities.
MATERIALS AND METHODS
Tension in a rope or cable can be measured by placing a load cell in series between the end of the rope or cable and an end fixture. However, this approach is impractical for measuring twine tension which uses a closed loop around the bale. Our approach was to apply a load-cell in parallel with the twine using a two-point bending load cell ( fig. 1 ). The clamp-on load cells chosen were model DLWS-1t from Load Cell Central (Milan, Pa.) with 9800 N capacity and which weighed 860 g. Tension was measured by the bending force created by the twine tension on the two loading points of the clamp-on load cells, and twine did not have to be cut. The Krone HDP twine used (Krone North America, Memphis, Tenn.) had specified knot strength of 2750 N. Using this baler twine, calibration relationships between twine tension and load cell output were determined using an MTS Insight universal tension tester (MTS Systems Corporation, Eden Prairie, Minn.). A Campbell Scientific (Logan, Utah) model 21X datalogger was used to excite the load cells and then record load cell output at 5 Hz.
Twine tension was measured on bales formed with either a Krone model 1290 HDP or model 1290 HDP XC baler. The latter baler had a pre-cutter that, if used in an experiment, was configured with 22 knives with 44 mm spacing between the knives. The outside two knives on each side were removed to help maintain bale integrity. The bale chute was parallel to the bale chamber but in a plane offset 11 cm below the bottom of the bale chamber. The drop height from the end of the bale chute to the ground was 64 cm and the chute was 222 cm long. The chute featured five rollers but the two rollers closest to the chamber were locked to create a longer dwell time on the chute. Longer dwell time is recommended by the manufacturer to produce a more accurate scale reading. Both balers used six twines, so six load cells were used for each test. Each twine formed a closed loop of fixed length and was defined to have four strands-top, bottom, and two face strands. The knots were located on the top strand so twine tension was measured on this strand.
Densification in an LSBr is caused by resistance to bale movement created by the variable convergence of the bale chamber, and the load on the plunger crank arms is used to measure the force to overcome this resistance. The plunger load sensors measure the force applied to the bale face, and the LSBr processor then controls the pressure to the chamber convergence cylinders to adjust the bale density based on the plunger force (Afzalinia and Roberge, 2012) . Therefore, bale density was changed by setting the baler's performance monitor to vary the plunger load, expressed as a fraction of the maximum force on the plunger allowed by the baler manufacturer. It was hypothesized that greater bale density as achieved by increasing plunger loads would result in higher twine tension, so plunger loads studied were always at least 60% of maximum (table 1), but if more crop was available to accommodate more tests, then lower plunger loads were also used. The balers were powered with either a John Deere (Moline, Ill.) model 8275R (164 kW PTO) or model 8345R (212 kW PTO) tractors. After a few bales were made to allow the plunger force to reach equilibrium, a bale was allowed to protrude about 30 cm out of the bale chamber and then baling was halted. At this time, there was some tension in the twine. The load cells were then affixed to the top strands of the twine, the datalogger was secured to the bale, the data collection was initiated and then baling recommenced. The time required to attach the load cells and datalogger was variable, but typically required several minutes, so some unavoidable bale stress relaxation likely occurred. Data collection continued as the bale exited the chamber, rode on the bale chute, fell from the chute, and then for an additional 60 s as it rested on the ground. The load cells were located above the twine so the load cell did not stretch the twine away from the bale surface ( fig. 1 ). Each portion of the crop fed into the bale chamber was called a flake. Baling speed was adjusted so the baler pre-compression system delivered one new flake to the bale chamber for each plunger stroke (45 strokes per min). Typical travel speed was between 10 and 13 km·h -1 . The number of flakes per bale was visually recorded from the baler performance monitor.
Crops for which twine tension was measured included alfalfa, fescue, switchgrass, native grass mix (big bluestem and Indiangrass), reed canarygrass, forage sorghum, wheat straw, and corn stover. When sufficient crop and time were available, the use of the baler pre-cutter was used as an additional variable (table 1) . At least three replicate bales were made at each plunger load during each experiment.
An additional test was conducted to compare twine tension on the top and leading face of the bale. Crops used were wheat straw and corn stover, the baler was operated at 90% plunger load, and four replicate bales were made. On the same twine, one load cell each was placed on the top strand and leading face strand and this arrangement was repeated on two adjacent twines. Other aspects of the test were similar to those discussed above.
Several other non-replicated experiments were conducted to observe how twine tension behaved under specific conditions. The open distance between the bale chamber rails was just wider than the load cells, so attaching the sensors here risked load cell damage. However a few tests were done in this way to quantify the manner in which the twine transitioned from slack to taut. In an additional test, twine tension was recorded for a long period on a few bales to observe how twine tension decayed due to bale stress relaxation. In another test, modifications were made to the bale chute to remove the 11 cm vertical offset between the bottom of the chamber and the bale chute. This prevented the bale from cantilevering from the chamber before it was supported by the chute. Finally, tension was measured on a few bales as they were lifted and moved using a conventional three-tine bale spear on a tractor-loader or skidsteer loader.
Bale mass, length, and moisture content were quantified to determine the bale density on a dry basis. The bale length was measured to the nearest 2 cm. The bales were weighed on a 1,800 kg capacity platform scale with a resolution of 0.5 kg. Each bale was subsampled for moisture content with a 50 mm diameter by 80 cm long boring tool. Samples were then oven dried for 24 h at 103°C according to ASABE Standard S358.2 (2012) .
Maximum tension in the top strands of the twines was quantified in two ways. The average maximum tension (T max ave ) was calculated by:
where T i max was the maximum tension measured on any individual twine of an individual bale (i) and n was the number of replicate bales per treatment. Also determined was the absolute maximum tension measured across all twines and replicate bales within a treatment. Since this parameter yielded only a single value per treatment, no statistical analysis was possible. The average tension for the first 60 s the bale rested on the ground was calculated for each bale. The total horizontal restraining force was estimated by first finding the average tension of each of the six twines during the first 60 s the bale was resting on the ground, then summing the average tension from all six strands and finally multiplying this sum by two. This estimate assumes the tensions of the top and bottom strands were equally pulling on the bale ends to hold the bale together and ignored the restraint provided by friction of the bale on the ground surface Twine tension pulsed in synchronization with plunger frequency, creating dynamic loading of the knots (figs. 2 and 3). The average maximum tension pulse (TP max ave ) was calculated by:
where TP i max was the maximum amplitude of a tension pulse measured on any individual twine of an individual bale (i) and n was the number of replicate bales per treatment. The absolute maximum tension pulse measured across all twines and replicate bales within a treatment was also determined. Since this parameter yielded only a single value per treatment, no statistical analysis was possible. An analysis of variance was used to determine if bale density had a statistically significant impact on the twine tension parameters with each bale considered as an experimental unit. Statistical differences were based on a least significant difference (LSD) at the 5% significance level and the analysis was conducted using the Data Analysis package in Excel (Version 2010).
RESULTS
Twine tension increased gradually as the bale moved from the bale chamber until it fully exited the chamber and rested on the bale chute ( fig. 2) . Although twine tension increased gradually, there were pulses in twine tension synchronized 2 and 3 ). When tension dropped and then recovered to its original value, it was assumed the plunger compressed a new flake onto the untied bale being formed but the tied bale did not move further out of the bale chamber. The resistive forces from static friction at the rear of the converging bale chamber were greater than the plunger force, so the tied bale was compressed, reducing twine tension. Tension recovered to its original value when the bale reexpanded toward the front of the baler. When tension increased and then recovered to its original value, it was assumed the plunger force was sufficient to overcome static friction, forcing the tied bale to move rearward. The bale then incrementally exited the bale chamber, causing tension to increase to due to bale expansion and momentum generated by the sudden movement of bale. The tension pattern had seven distinct phases. Tension grew gradually as the bale began to exit the chamber ( fig. 2) . As bales exited the chamber they cantilevered from the chamber and were initially unsupported by the bale chute. In this situation the leading portion of the bale deflected slightly downward, increasing the tension in the top strands (region A, fig. 3 ). The maximum twine tension usually occurred in this region. As more of the bale exited the chamber and the leading edge contacted the chute, the bale started to reverse bend, bending concave upward and top strand tension declined (region B). When the bale fully exited the chamber the top strand tension increased quickly (region C). This was likely due to the bale now resting flat on the chute and the elimination of the reverse bending effect. Tension stayed relatively constant for a short duration while the bale rested fully supported on the chute. When the leading edge of the bale started to move off the end of chute, the leading portion again bent downward and top strand tension rose again (region D). There was a momentary drop in top strand tension due to reverse bending when the bale impacted the ground (region E). Finally, the tension remained relatively constant once the bale rested on the ground, although stress relaxation in the baled material caused a slow tension decline (region F).
To facilitate weighing bales with load cells, the baler manufacturer configured the bale chute to be approximately parallel to the bottom of the bale chamber, but with a vertical offset of 11 cm below the chamber floor. To achieve an accurate weight measurement, the bale on the chute cannot contact the bale still in the chamber, and this vertical offset helps accomplish this. With some crops, more of the bale length cantilevered from the chamber before the leading edge of the bale contacted the chute, compared to other crops. This occurred more for crops with large, stiff stems (switchgrass, native grasses, corn stover, sorghum, wheat straw) than crops with small, more supple stems (alfalfa, fescue). This phenomenon was also more pronounced at greater bale densities caused by greater plunger loads. Bending stress and twine tension were greater on bales which exhibited greater unsupported length as the bale exited the chamber.
When modifications were made to the chute to eliminate the vertical offset with the chamber, top strand tension rose steadily as the bale moved out of the chamber (fig. 4) . When the vertical offset was removed, no longer evident were the high initial tension due to downward bending, the tension reduction due to reverse bending, and the sudden spike in tension as the bale exited the chamber. In the limited number of bales made with no chute offset, there was no indication that this chute configuration resulted in appreciably different maximum twine tension than when the chute was offset. Tension often varied considerably from twine-to-twine on any given bale. Generally, the tension was greater in the outer left twine and outer right twine primarily because there was only one neighboring twine to share the load, although differences in bale density between the edges and center of the bale might also contribute to this observed result ( fig. 3) . However, sometimes an interior twine had the greatest tension. The range of tension could vary by several hundred Newtons on any given bale ( fig. 5 ). This variation could partially be due to side-to-side non-uniformity of the thickness of the flakes or differences in the tendency for the twine to penetrate the bale corners.
Twine does not form a sharp right angle at the bale corners, rather it "digs-into" and penetrates the corners to form a rectangle with rounded corners. We approximated the rounded corners as straight lines with equal length legs (x) forming a right triangle ( fig. A1 ). When the twine just becomes taut, the twine length is equal to the bale perimeter. As described in Appendix A, the loop of twine is assumed to have a fixed length. If the fixed-length loop of twine penetrates equally on all four corners, then the bale length must increase by the following (see Appendix A):
Twine-to-twine differences in corner penetration would therefore affect the load carried by each twine because the bale would have different expansion at each twine.
In our experiments, twine rarely failed, but an example of when twine failed at the knot is shown in figure 5 . The 1050 N tension at failure was considerably less than the specified knot strength (2750 N). Tension in the neighboring twines increased right after failure, with the greatest impact on those twines closest to the twine that failed.
The maximum twine tension -either average or absolutealmost always occurred as the bale began to exit the bale chamber and deflected downward toward the chute creating bending stress in the top of the bale (region A, fig. 3 ). In this region, twine tension was affected by many factors, so a direct correlation with bale density would not be expected. These factors included, but were not limited to, differences in the length the bale cantilevered from the chamber before touching the chute and dynamic loading from field irregularities.
The amplitudes of the tension pulses were not well correlated with plunger load and there were few statistical differences. The tension pulses increased twine tension by 20% to 30% for the crops like alfalfa, straw, and grasses but increased by 40% to 50% for the crops like stover and sorghum with thick, heavy stems.
Bale density was significantly affected by plunger load in most experiments (tables 2 and 3), and bale density was linearly related with plunger load (table 4). The pre-cutter had the greatest impact on bale density in wheat straw, especially at the greatest plunger load where use of the pre-cutter increased density by 14%. Use of the pre-cutter in the grass crops increased density by only 2% to 5%. Average twine tension for the first 60 s when the bale was on the ground and estimated total restraining force were linearly related (table 4) although differences were not always significant (tables 2 and 3). The average twine tension during the first 60 s the bale rested on the ground was 30% to 35% less than the maximum tension observed during bale formation.
Once the bale was on the ground, twine tension followed a classical decay model for a biological material (Peleg, 1980) due to stress relaxation in the bale. In a switchgrass bale ( fig. 6 ), stress relaxation reduced tension from the initial value by 20% within 30 min. In a mixed grass bale ( fig. 6 ), stress relaxation continued for days after baling and twine tension was 40% less than the initial value within 24 h. Lifting and moving bales with a conventional three-tine spear increased twine tension by as much as 30% relative to the initial value (data not presented). Dynamic loading of the bale due to rough field conditions increased tension by as much as 250 N when moving bales with a tractor-loader or skidsteer loader. However, the maximum tension measured when moving bales was typically less than the maximum tension measured during baling.
The capstan principle suggests that when an element is wrapped partially around a cylinder the static friction force increases exponentially with the angle of wrap (Levin, 1991) . Because bales are primarily expanding in the longitudinal direction, the top strand tension would be analogous to the capstan load force and would likely be greater than the tension on the face strand which is analogous to the capstan hold tension. The top strand tension was approximately 40% greater than the face strand tension (table 5). The maximum tension and the amplitude of the tension pulses were also greater on the top strands than on the face strands. The presence of the knots and the greater strand tension on the top of the bale help explain why twine typically fails on the top of the bale rather than on the bale face.
DISCUSSION
A three-phase viscoelastic process has been suggested for bale flakes undergoing compression: void reduction, followed by elastic and plastic deformation, and then stress relaxation (Nona et al., 2014) . Increasing bale density is achieved by more resistance to flow through the bale chamber, resulting in greater plunger load and bale face pressure. Greater resistance is created by more chamber wall convergence and a longer bale chamber (Afzalinia and Roberge, 2012) . Higher bale face pressure will likely cause more stems to plastically deform and yield while other stems will likely have more elastic deformation. While both results will increase bale density, high-density bales may have more release of stored elastic energy when the bale starts to exit the chamber and the twine must restrain these resilient forces. However, more plastic deformation from high face pressure plus additional stress relaxation due to longer residence time in an extended bale chamber may offset some of the impact of greater resilient forces. Average twine tension during the first 60 s the bales rested on the ground was greatest in crops with large, stiff stems where greater resilient forces could be expected due to greater stored elastic energy in the compressed stems.
Tension in the top strands of the twines approached 60% of specified knot strength only for a short duration as the bale exited the chamber. Twine tension then declined to levels much less than the specified knot strength. Therefore, design changes or strategies that reduce tension during the critical Resting on the Ground Average Maximum [b] Absolute Maximum [b] Average Maximum [c] Restraining [d] Average Maximum [e] period when the bale exits the chamber should be investigated. Twine tension was typically greater on the outer left twine and outer right twine, so using twine with lower knot strength on the remaining twines could reduce baling variable costs. Resting on the Ground Average Maximum [b] Absolute Maximum [b] Average Maximum [c] Restraining [d] Average Maximum [e] Absolute Maximum [e] [a] Target plunger load as fraction of maximum allowed by manufacturer. [b] Maximum measured tension averaged across all replicate bales or absolute maximum measured across all bales of that plunger load. [c] Average tension across all six twines at equilibrium when bale is on the ground. [d] Estimated total restraining force from twice the sum of tension in all six twines at equilibrium when bale is on the ground. [e] Absolute maximum tension pulse amplitude or maximum measured tension pulse averaged across all replicate bales. [f] See table 1 for moisture content and number of replicate bales.
[g] Least square difference. Means in the same column followed by different letters are significantly different at 95% confidence. Table 4 . Slope and intercept for linear models of bale density, and tension when bale is resting on the ground, and restraining force.
Bale Density [a] (kg DM·m -3 )
Tension when Bale Resting on Ground [b] (N)
Restraining Force [c] (N) Slope Intercept R [a] Bale density (kg DM·m -3 ) as a function of plunger load. For example, bale density = 150 × plunger load + 136, where plunger load is the fraction of the maximum plunger load allowed by the baler manufacturer expressed as a decimal. [b] Average tension (N) during the first 60 s the bale rested on the ground as a function of bale density (kg DM·m -3 ). For example, tension = 3.79 × bale density -236. [c] Restraining force (N) as linear function of bale density (kg DM·m -3 ). For example, restraining force = 44.7 × bale density -2504. 
CONCLUSIONS
A method was developed and successfully implemented to measure twine tension during creation of high-density bales of several common hay and biomass crops. Measured tension was typically less than the recommended knot strength for high-density balers, so further investigation of the root cause of twine knot failure could lead to new knot strength recommendations for high-density large-square balers which could lead to reduced baling costs.
Since the twine is a fixed-length loop, P i must equal P e : ( ) 
